Replacement of the catalytic Zn(II) in horse liver alcohol dehydrogenase (HLADH) with copper produces a mononuclear Cu(II) chromophore with a ligand set consisting of two cysteine sulphurs, one histidine nitrogen plus one further atom. The fourth ligand to the metal ion and the conformation of the protein may be altered by addition of exogenous ligands and\or the cofactor NADH. Absorbance, CD, low-temperature magnetic CD (MCD) and EPR spectra are presented of coppersubstituted HLADH samples in both ' open ' and ' closed ' conformations and in the presence and absence of the exogenous ligands pyrazole and DMSO. The EPR spectra indicate a strong, predominantly axial field about the copper(II) ion with high copper-thiol (cysteine) covalence. The optical and MCD spectra
INTRODUCTION
The electronic and molecular structures of Type-I or blue copper proteins, the cupredoxins, have been well characterized. There are X-ray structures to high resolution of the electron-transfer proteins plastocyanin [1, 2] , azurin [3] and pseudoazurin [4] and of the closely similar centres in ascorbate oxidase [5] and in nitrite reductase [6, 7] . The common copper co-ordination site consists of a single cysteine thiolate and two histidine residues plus a fourth ligand, usually the thioether group of methionine, at a longer distance from the metal ion. This group of ligands generates a centre that has been described as an elongated trigonal site with a significant rhombic distortion [8, 9] . This results in an EPR spectrum with an almost axial set of g-factors having g R g U and with reduced copper hyperfine coupling due to covalence of the copper-thiolate bond. Thiolate-to-copper(II) charge-transfer transitions give rise to optical bands between "500 nm and 800 nm leading to the intense blue colour of this centre.
There is currently considerable interest in the electronic and molecular structures of copper sites within proteins which have more than one cysteine thiolate ligand. This has arisen in part because of the realization that there are copper sites in proteins, other than Type-I copper centres, which give rise to intense optical transitions in the visible region. For example, the Cu A site found in nitrous oxide reductase and in subunit II of cytochrome c oxidase has been shown to have an optical spectrum quite unlike that of Type-I copper centres [10, 11] . It has been supposed that a protein metal co-ordination site containing more than one thiolate ligand per metal ion would stabilize the copper(I) oxidation state so strongly that the copper(II) state could never be observed. This is certainly the case for copper metallothionein in which up to seven copper ions are bound only by thiolate sideAbbreviations used : HLADH, horse liver alcohol dehydrogenase ; MCD, magnetic CD ; Zn(c), zinc occupying the catalytic site in HLADH ; Zn(n), zinc occupying the non-catalytic site in HLADH.
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are interpreted in terms of four d-d transitions to low energy, also reflecting the axial ligand field, and four charge-transfer transitions to copper(II) between 30 000 and 16 000 cm −" arising from the two cysteine sulphur atoms which give two pairs of oppositely signed MCD C-terms. These transitions are polarized mainly in the axial plane defined by Cys-46, Cys-174 and His-67. The binary complex formed with pyrazole displays quite different EPR and optical spectra which can be understood in terms of a rotation of the copper hole-orbital away from the axial plane thus decreasing sharply the copper-thiol covalence. The magnetooptical spectra in the presence and absence of DMSO are indistinguishable.
chains, both terminal and bridging, and where the metal ion cannot be oxidized beyond the Cu(I) state [12] . The inherent redox instability of the Cu(II)-cysteine system, in which two thiolate groups are oxidized to form a disulphide bond and two copper ions are reduced to Cu(I) ions, can be overcome by linking two cysteine residues together either as a macrocyclic ligand or in a protein environment, thus sterically preventing disulphide bond formation. Recent work by Schugar and coworkers demonstrates the previously unsuspected stability of cisCu(II)N # S # complexes using the dimethylester of N,Nh-ethylene bis(-cysteine) as a tetradentate N # S # ligand for Cu(II) [13] . Alcohol dehydrogenase from horse liver (HLADH) is an 80 kDa homodimer with two distinct zinc(II)-binding sites per protein monomer [14] . One site, the non-catalytic site, contains zinc ligated by four cysteine residues in a tetrahedral array similar to the iron(III) site in rubredoxin. The other site, the catalytic site, provides two cysteine (Cys-46 and Cys-174) and one histidine residues (His-67) and a water molecule in a pseudotetrahedral arrangement ( Figure 1A ). NADH is required as a coenzyme, without which the enzyme is inactive. Substrate binds by replacement of the water ligand. Inhibitors can bind either to the coenzyme-binding crevice or in the substrate-binding pocket, thereby competing with substrate for ligation to the active-site zinc(II) ion. The catalytic zinc ion can be removed and replaced by a number of different metal ions, including copper(II) [15] , hence providing an unusual mononuclear bisthiolate copper(II) site of interest as a model centre.
There has been extensive study by X-ray crystallography of native Zn(II)-HLADH and several of its derivatives, showing that, in both the native, inactive state (the ' open ' form) and the coenzyme-bound state (the ' closed ' form), the catalytic zinc is in a distorted (flattened) tetrahedral site [14, 17, 18] . Upon binding the coenzyme, in either the reduced or oxidized form, the nicotinamide moiety is placed close to the metal site without acting as a ligand [19] . Coenzyme binding has the effect of causing the catalytic domain and the coenzyme-binding domain of the protein to rotate relative to each other generating the socalled ' closed ' form of HLADH. In this closed state the substrate channel is narrowed and the coenzyme-binding region is shielded from the solvent medium, which is believed to provide a suitable environment for promoting the critical hydride-transfer step during catalysis [20] . Although the coenzyme does not ligate the zinc(II) ion, there is still considerable geometrical change at the metal site upon altering the conformation. Replacement of the water with a nitrogenous base such as imidazole or pyrazole maintains the pseudo-tetrahedral site geometry [21] . When NAD + is bound together with pyrazole one nitrogen atom of the pyrazole ring, N2, forms a bond to zinc, while the other nitrogen atom, N1, is about 2.0 A H from atom C4 of the nicotinamide ring forming a longer than normal covalent bond. The inhibitor DMSO has been shown to bind to the catalytic zinc atom via its oxygen atom, displacing the exogenous water ligand [18, 19] .
X-ray crystallography of the metal-substituted cadmium and cobalt enzymes has shown that the distorted tetrahedral coordination geometry is retained [22, 23] . Spectroscopic studies with Co(II)-and Cd(II)-substituted enzymes [24] [25] [26] have suggested geometrical changes at the catalytic metal site upon coenzyme binding similar to those observed with the zinc enzyme. The structure of the copper-substituted complex of HLADH with DMSO has been determined to 2.10 A H [27] . The distances reported suggest a strong trigonal planar distortion of the tetrahedral geometry around the Cu(II), with the oxygen atom of DMSO at 3.45 A H , compared with 2.26 A H for the native zinc enzyme [18] . Indeed it may be expected that copper(II), with its different geometric requirement, will cause significant distortions to the zinc site when substituted.
The low-temperature magnetic CD (MCD) spectra are expected to be distinctive for the various types of thiolatecontaining copper chromophores, such as the blue copper, or Type-I, centres with a single thiolate ligand to the copper, the bisthiolate mononuclear copper centres as found in HLADH and the bisthiolate dinuclear copper centres such as Cu A , found to date in nitrous oxide reductase and cytochrome c oxidase [10, 11, 16] . Detailed study of each of these structural types should enable us not only to classify a chromophore into a particular structural type due to its characteristic ' fingerprint ' MCD spectra, but also to understand the importance and interplay of the different factors contributing to the MCD spectra. Of additional importance in this particular work was the possibility of identifying, by MCD spectroscopy of the copper-substituted enzyme, any changes upon coenzyme and\or inhibitor binding which may be of significance in the catalytic cycle of the zinc enzyme. In total five different forms of copper-substituted HLADH have been studied in this work, which cover the known variation in ligation and geometry around the metal. The native form provides an example of a N(his)S # (cys)O(H # O) ligand set in a distorted tetrahedral environment. Addition of pyrazole replaces the water as the fourth ligand providing the ligand set N(his)N*(pyr)S # (cys). Addition of coenzyme to either of these two complexes causes the protein to undergo the wellcharacterized conformational change while retaining the same ligand set. The optical and EPR spectra for each of these four complexes have previously been reported [15, [28] [29] [30] . The ternary complex with coenzyme and DMSO results in a second form of the closed conformation site with NS # O ligation for which there are X-ray data [27] but no optical or EPR spectra to date.
EXPERIMENTAL
HLADH, EE isoenzyme (EC 1.1.1.1), was prepared as described earlier [31] . Preparation of the copper-substituted protein in which the catalytic zinc [Zn(c)] is replaced by copper and the non-catalytic zinc [Zn(n)] is retained, Cu(c) # Zn(n) # HLADH, was performed by the method described earlier [15, 30] . All reagents were of the purest grade commercially available and used without further purification. The experiments were carried out in 25 mM Tes\Na + buffer, pH 7.0. For low-temperature optical spectroscopy the samples were diluted 50 % (v\v) with dry, oxygen-free glycerol to form a glassing solvent mixture. For each of the complexes both EPR and optical spectroscopies were used to determine that the addition of glassing agent did not affect the sample. The preparation of copper-substituted HLADH used for this study was particularly stable with respect to reduction and\or loss of the copper with time, as monitored spectrophotometrically. However to minimize sample degra-dation sample handling was, as far as possible, at 277 K and always in an oxygen-free atmosphere (Faircrest Engineering nitrogen atmosphere glove box operating at less than 2 p.p.m. oxygen).
The binary complex with coenzyme was formed by the addition of solid NADH to a 10-fold molar excess over copper. When NAD + was added to the enzyme a second form of the binary complex with coenzyme was formed. However, addition of glycerol to this complex caused the reduction of the NAD + to NADH and since the addition of glycerol as a glassing agent is required for low-temperature MCD spectroscopy this complex was not pursued further. The pyrazole complex was formed by addition of a concentrated pyrazole solution to the enzyme such that the pyrazole was in a 70-fold molar excess over copper. The ternary complexes were formed with molar ratios of 1 : 10 : 50 Cu : NAD + : pyrazole and 1 : 5 : 60 Cu : NADH : DMSO. All complexes were formed prior to the addition of glassing agent.
EPR spectra were recorded on a Bruker ER200D spectrometer fitted with an Oxford Instruments ESR-9 flow cryostat which enables spectra to be measured down to 4.2 K. For the copper, signals in HLADH, spectra were recorded under non-saturating conditions, typically at 25 K and 0.2 mW power. Spin concentrations were then determined using the method of Aasa and Va$ nnga/ rd [32] with a 1 mM Cu(II)EDTA solution as the standard. Integration of the EPR signals showed that, within experimental error, for most of the complexes used in this study the copper(II) concentration and the protein monomer concentration are the same, suggesting that copper substitution is 100 % and that no autoreduction of the copper has occurred. In order to extract g-values from the EPR spectra the simulation program EPR written by F. Neese [33] was used.
Low-temperature MCD spectra were recorded as described previously [34] . For measurements in the near-IR region the sample was dialysed against Tes\#H # O, p#H 7.5, and deuterated glassing agent was used. The MCD spectra were recorded at 5 T and the signals are not normalized for magnetic field. The absorption coefficients (∆ε obs l ε L kε R ) for the MCD spectra are based on the Cu(II) concentration, as determined by double integration of the copper EPR signal. The binary complex with pyrazole was the most unstable with respect to reduction of the copper with time and presented the greatest difficulty in obtaining reproducible values for the MCD intensities.
UV\visible region optical spectra at 277 K were recorded on either a Hitachi U3200 or U4001 spectrophotometer fitted with a circulating water cell holder which enabled the sample to be kept near to 277 K. UV\visible region optical spectra at 4.2 K were recorded on a Cary 17D spectrophotometer with the sample immersed in the liquid helium bath within the SM4 superconducting magnet used for low-temperature MCD spectroscopy. Because of the difficulty in establishing a true zero baseline for the frozen samples, intensities for the 4.2 K absorption spectra are quoted in absorbance units only.
As an aid to the assignment of the optical transitions the ratio of the MCD C-term intensity to that of the optical absorption, C ! \D ! , is required. The MCD and absorption spectra of Cu(II)-HLADH at 4.2 K were first fitted to the sum of six Gaussian curves between 30 000 cm −" and 10 000 cm −" . The values of C ! and D ! for each band are then easily calculated from the expressions in [35] . Assuming that any MCD B-term intensity is negligible, as will be the case at 4.2 K, then
where k is the Boltzmann constant, T is the absolute temperature, µ B is the Bohr magneton and B is the magnetic field strength at which the MCD spectrum is measured. The values of ∆, ν, ∆ε calc , and ε calc are obtained from the Gaussian analysis. Thus 2∆ is the bandwidth at half height, ν ABS and ν MCD are the energies of the band maxima for the absorbance and MCD spectra respectively, ε calc is the absorption coefficient at ν ABS for the absorption spectrum and ∆ε calc is the differential absorption coefficient at ν MCD . ∆ε calc is corrected by a factor to account for the partial saturation of the MCD signal at 4.2 K and 5 T.
RESULTS AND DISCUSSION

EPR spectra
As observed previously the EPR spectra from all the copper species studied here, Figures 2(A)-2(E), are complex and extremely detailed. No changes were observed for any of the species on addition of glassing agent apart from a sharpening of the lines, showing that the integrity of the site is maintained on addition of glycerol. Remarkably, given the X-ray crystallography data [27] , which clearly indicate that DMSO is present in the co-ordination sphere of the copper, the spectrum of the binary complex with NADH is indistinguishable from the ternary complex with DMSO and NADH (Figures 2B and 2C). Although complete and unambiguous simulation of the details of the hyperfine structure will probably require data from single crystals the important fact obtained from the g-values presented in Table  1 is that in all cases the Cu(II) site approximates to axial symmetry with g R g U . The structural evidence suggests a four- * Taken from ref. [37] . † Taken from ref. [38] . ‡ Taken from ref. [13] . co-ordinate pseudo-tetrahedral site for the metal ion and this is borne out by the EPR spectra. A tetragonally flattened tetrahedral geometry is expected to give rise to d x # −y # as the singly occupied orbital resulting in g R g U 2.0 [36] . The degree of
Figure 4 4.2 K near-IR MCD spectrum of native Cu(II)-HLADH
Measurement conditions as in Figure 3 (C).
rhombic splitting observed in g U will depend upon the energy separation between the ground state and the excited states of relevance.
The spectra obtained clearly fall into two categories : Figures 2(A), 2(B), 2(C) and 2(E), where there is some rhombic distortion with g " g # $ g $ and the copper hyperfine splitting of g " is relatively small (which we take as evidence for a high copperthiolate covalence and extensive ground-state copper-sulphur orbital mixing), and Figure 2(D) , the binary complex with pyrazole, which is the only truly axial species with g " g # l g $ and where the copper hyperfine splitting of the g " line is clearly much greater. For the binary complex with pyrazole the g U (g # , g $ ) line is split into eight equally spaced hyperfine lines, which is most easily explained by equivalent interaction of the electron with both the copper nucleus and the two nitrogen ligands in the XY plane.
Copper(II) is a 3d* ion, i.e. it has four filled and one singly occupied 3d orbitals. Before any analysis of the optical spectrum can be undertaken it is necessary to establish the nature of the ground-state hole-orbital. The EPR spectrum shows that the ground state approximates to one of axial symmetry with g R g U . The g-values and anisotropies of the Cu(II)-HLADH complexes are not very different from those of typical blue copper proteins such as plastocyanin, see Table 1 , in spite of the rather different appearance of the spectra. It has been demonstrated by single-crystal EPR spectroscopy of plastocyanin [39] that the direction of g R lies close to the Cu(II)-S(methionine) direction and that g U lies in the plane of the histidine and cysteine ligands. Thus the hole-orbital plane is almost perpendicular to the weak-field ligand, methionine. The ground state is described as d x # −y # produced by a rhombic splitting of d xy , d x # −y # in a C $v field. By analogy, and using the axis system shown in Figure 1 orbital are possible. Figures 1(B) and 1(C) serve to illustrate the two limiting hole orientations in which the ground state is either a pure d x # −y # orbital or a pure d xy orbital. In the former case the overlap of the copper d hole-orbital is greatest with one of the sulphur 3pπ orbitalsk3p(π π ). The orientation of the hole-orbital within the XY plane will not affect the g-values greatly. However, the hyperfine coupling to the nitrogen nucleus of His-67 will be considerably affected, being larger when the hole is in the d x # −y # orbital.
Optical spectra
The optical spectra of native Cu(II)-HLADH have been measured at 277 K and 4.2 K between 300 nm and 1000 nm ( Figure  3 ). The 4.2 K MCD spectra and room-temperature CD spectra are also given. The MCD spectrum has also been recorded out to 2000 nm and two further transitions are seen in the region 1000-1500 nm (Figure 4) . The 277 K absorption and 4.2 K MCD spectra of the additional four derivatives (the binary complex with NADH, the ternary complex with NADH and DMSO, the binary complex with pyrazole and the ternary complex with pyrazole and NAD + ) are compared in Figures 5  and 6 . The experimental wavelength maxima (λ) and band intensities (ε obs and ∆ε obs ) for all five complexes are summarized in Table 2 . A study of the field and temperature dependence of the MCD bands shows that all the bands magnetize [40] as expected for an S l 1\2, g l 2 ground state and hence all originate from the copper(II) chromophore. As expected, the MCD spectra for this series of copper chromophores are distinctive and unlike those previously observed for either Type-I, blue copper centres [9] or the dinuclear Cu A centre [10, 11] .
Assignment of the Cu(II)-HLADH spectra
We consider first the optical properties of Cu(II)-HLADH and propose an assignment of the electronic spectrum before making comparisons with the spectra of the other derivatives. Copper(II) being a 3d* ion has one singly occupied 3d orbital (the holeorbital) into which electronic transitions occur. The optical spectrum of Cu(II)-HLADH consists of transitions which can be classified to a first approximation as either metal-localized d-d or ligand-to-metal charge-transfer transitions. However, the distinction between d-d and charge-transfer transitions cannot be made unambiguously on the basis of the intensities of the absorption bands for two reasons. First, the complex is highly covalent which causes both ground and excited states to become mixtures of metal and ligand configurations. Secondly, the charge-transfer intensity is governed by the degree of overlap of the donor and acceptor orbitals. In a complex of low symmetry this overlap will depend upon the orientation of the donor lone- Observed intensities are quoted in terms of ε obs , the molar absorption coefficient, for the 277 K absorbance spectra and in terms of ∆ε obs , the differential absorption coefficient, for the 4.2 K MCD spectra at 5 T. Because of the difficulty in establishing the true sample baseline the 4.2 K absorption spectra are given in absorbance units only. 
Table 3 Gaussian analysis of Cu-HLADH 4.2 K absorption and MCD spectra
The values for λ, ε calc and ∆ε calc were determined after Gaussian fitting of the experimental spectra, measured at 4.2 K and, for the MCD spectra, 5 T. The C 0 /D 0 ratios were determined as described in the Experimental section. Abbreviation : n.d., not determined. Figures 3B and 3C ) have been fitted to six bands with Gaussian line shapes between 30 000 cm −" and 10 000 cm −" . The MCD spectrum clearly shows six separate Cterms [35] in this region, while the individual transitions are not resolved in the absorption spectrum. The calculated energies, intensities and the values of C ! \D ! for each of the transitions I to VI are summarized in Table 3 . The ratio C ! \D ! is dependent on both the spin-orbit coupling in the excited state and on the ground-state g-value. Since the g-values for all the bands are close to 2.0, the variation in the C ! \D ! ratio arises from variation in the magnitude of the spin-orbit coupling in the excited state. The values of the spin-orbit coupling constants of the gas-phase atoms are copper 800 cm −" , sulphur 400 cm −" and nitrogen 80 cm −" . Orbital reduction will lower these values by an unknown extent. In ligand-to-copper(II) charge-transfer states the unpaired electron resides in a ligand orbital and hence the spin-orbit coupling constant of the ligand will determine the magnitude of C ! \D ! . Thus C ! \D ! will be lower for charge-transfer transitions than for d-d transitions. Any mixing of metal-localized and ligand-localized states will increase the magnitude of C ! \D ! for the charge-transfer transitions and lower the ratio for the ' d-d ' transitions. Inspection of Table 3 shows that, ignoring the sign which only serves to indicate the sign of the MCD band, bands I-IV have lower values of C ! \D ! than bands V and VI. The difference is sufficiently marked to enable a clear distinction to be made between the d-d and charge-transfer transitions. Gerstmann and Brill [41] were the first to make a theoretical study of the MCD C-terms of low-symmetry Cu(II) sites. This work was followed by Gewirth and Solomon [9] with an analysis of the MCD spectrum of plastocyanin.
Copper(II) d-d transitions
The MCD spectrum being a signed quantity gives a basis on which assignments can be made. The signs of the C-terms are not determined theoretically when the site symmetry is low. For Cu(II) the ground electronic state spin is S l 1\2 with a very low orbital moment. Under these circumstances the C-term intensity is zero unless there is non-zero spin-orbit coupling in the excited state, which requires an excited-state orbital degeneracy to give C-terms of defined sign. This necessitates a 3-fold or higher symmetry axis. Even when a strict axis of symmetry is not present the effective site symmetry may contain such an axis. Thus provided that the electronic structure can be described either as C $v symmetry, perturbed by a small rhombic distortion to C #v , or as D #d , the signs of the C-terms for each d-d transition can be predicted. The expectation is for a pair of oppositely signed C-terms originating from the two spin-orbit components of the excited state #E (xz,yz) to x#ky# transition, a negative Cterm from the xy to x#ky# transition and a positive C-term from the z# to x#ky# transition. Gerstmann and Brill [41] pointed out that even in a lower-symmetry field the (xzjyz) and (xzkyz) orbitals give rise to positive and negative C-terms respectively provided that the (xzkyz) orbital is at lower energy than (xzjyz).
Because the copper(II) ligand environment in HLADH does not contain a true 3-fold or higher symmetry axis up to four dd transitions may be observed with increasing distortion from a regular tetrahedral site. For a copper co-ordination number of four and a flattened tetrahedral geometry all the d-d transitions are expected to lie at energies lower than 16 000 cm −" [36] .
Comparison of the MCD spectrum of plastocyanin [9] in the energy range 5000-15 000 cm −" with the analysis of the spectrum for Cu(II)-HLADH, Table 3 , shows four bands with C-term signs j, k, j, k and similar magnitudes of the C ! \D ! values, although the bands are significantly shifted in energy. This suggests that transitions V-VIII of Cu(II)-HLADH can be assigned to the four expected d-d transitions. The position of the lowest energy transition places the d z 2 orbital at 7700 cm −" relative to the ground-state hole energy in Cu(II)-HLADH, whereas in plastocyanin it lies at "5000 cm −" . This accords with the presence of the stronger axial field at the metal ion in Cu(II)-HLADH, arising from a four co-ordinate complex, compared with that in plastocyanin.
Ligand-to-copper(II) charge-transfer transitions
Charge-transfer transitions may arise from thiolate lone-pair orbitals and from histidine (or pyrazole) π orbitals into the dorbital hole on Cu(II) [42] . The former are expected to be at lower energy than the latter. The precise energies of such transitions depend not only on the reducing power of the ligand but also on the energy of the acceptor orbital which in turn is governed by the geometry of the Cu(II) chromophore.
The assignment of bands V-VIII as copper(II) d-d transitions leaves bands I-IV to be attributed to ligand-to-metal chargetransfer transitions. A comparison of the absorption and MCD spectra of Cu(II)-HLADH with those of blue copper proteins such as plastocyanin shows a number of important differences. The Gaussian analysis of the MCD spectrum of Cu(II)-HLADH shows four transitions in the region 15 000-30 000 cm −" . The ε calc values of between 900 M −" :cm −" and 3000 M −" :cm −" for the absorbance spectra are comparable with those for S(cys)-toCu(II) transitions in plastocyanin. However, the C ! \D ! ratios are much higher in the case of Cu(II)-HLADH (see Table 3 ) than for plastocyanin [9] , reflecting the high degree of covalence and the strong mixing of metal and sulphur orbitals in Cu(II)-HLADH, which in turn gives rise to stronger MCD bands for Cu(II)-HLADH compared with plastocyanin.
The sulphur atom of a thiolate group has three lone pairs of electrons and thus a total of three charge-transfer transitions are theoretically possible from a single thiolate group to Cu(II). The work of Solomon and colleagues has shown [8, 9, 43] that one of the 3p orbitals [3p(σ)] is strongly hybridized with the cysteine C β -S σ bond orbital and will be too tightly bound to overlap significantly with the copper d-orbitals. Only two sulphur [3p(lone pair)] to metal (3d) transitions appear below 30 000 cm −" . The two lone-pair 3p orbitals [3p(π)] are orthogonal to one another and the C β -S bond. If the C β -S-Cu bond angle is linear both orbitals are π-bonding with respect to a metal d-orbital. However, as this bond angle departs from linearity one of the lone-pair orbitals can make a σ overlap, 3p(π σ ), and the other a π overlap, 3p(π π ) with the copper d-orbital, provided that the orbital plane is perpendicular to that of the C β -S-Cu plane. In the case of the copper-substituted HLADH, whose structure has been determined, the bond angles C β -S-Cu are 88m and 117m for Cys-46 and Cys-174 respectively [27] . Hence substantial σ overlap is possible from these two sulphur atoms. Figures 1(B) and 1(C) indicate the important overlaps to be considered. The intensity of the transitions is dependent upon the degree of donor-metal overlap, as is the orbital energy. Hence, the orientation of the thiol lone pairs relative to the metal d-orbital hole controls both transition intensities and energies. This in turn is governed by the C β -S-Cu bond angles and the orientation of the plane containing these atoms relative to the hole plane. We use this model as a guide to the interpretation of the charge-transfer spectrum of two thiolate groups co-ordinated to Cu(II).
We consider the (RS) # Cu(II) fragment in the case of the flattened pseudo-tetrahedral geometry, Figure 7 (A). The fragment has C #v symmetry and both metal (3d) and sulphur p(π) orbitals can be classified under this point group ( Figure 7B ). The two possible ground-state hole-orbital orientations relative to the two sulphur ligands, shown in Figures 1(B) and 1(C), will give ground-state symmetries of either #A " #A " (Y) and #A " #B " (X) or #B " #B " (Y) and #B " #A " (X). Hence, two orthogonally polarized charge-transfer transitions are expected from this pair of sulphur 3p(π π ) orbitals. Only one of these transitions is magnetic-dipole-allowed. Two further sulphur-to-copper(II) charge-transfer transitions can occur from the second pair of sulphur 3p(π) orbitals. The acute C β -S-Cu bond angle causes these orbitals to make σ overlap with the d-orbital, 3p(π σ ). Although the true symmetry of the fragment in HLADH is lower than C #v , when only these two orbitals are considered the higher symmetry can be used as an approximation. The two orbital combinations also transform as a "
and b " and as above this results in two charge-transfer transitions allowed along X and Y.
Therefore we expect to find two pairs of charge-transfer transitions, each with a component of the pair being polarized X and Y. Spin-orbit coupling connects together states which are polarized perpendicular to one another. For example, the component L z :S z of the spin-orbit Hamiltonian will mix #X and #Y since both L z and the product B "
"A " transform as R z . Spinorbit coupling depends upon the inverse of the energy separation between the excited states. Mixing of the copper and sulphur orbitals will therefore increase the magnitude of spin-orbit coupling. These factors cause the MCD spectrum to show oppositely signed C-terms under the X and Y polarized transitions.
An alternative way of describing the charge-transfer excited states is to recognize that each thiolate-copper bond will contribute two charge-transfer bands, one from the 3p(π π ) orbital and the other from the 3p(π σ ) orbital, both of which are polarized along the direction of transfer of charge, the S-Cu bond. The relative intensities and energies of these two depend on the orbital overlap as described earlier. Both transitions from a single sulphur will give rise to weak MCD C-terms of the same sign. The presence of two thiolate-copper bonds doubles the number of transitions and produces transitions with orthogonal components. The MCD C-terms will be of opposite sign and the intensity will also increase because of the effect of mixing of the excited states by spin-orbit coupling. This localized view of the transitions will be valid provided that inter-electronic repulsion between the excited states is small and that spin-orbit coupling is low. In this circumstance it would be possible to identify pairs of charge-transfer transitions with particular cysteine residues.
In addition to the thiolate-to-Cu(II) charge-transfer transitions it may be expected that there would be contributions from histidine-to-Cu(II) charge-transfer transitions. Schugar and coworkers have analysed the ligand-to-copper(II) charge-transfer spectra of imidazole and pyrazole model complexes [42] . The highest-lying orbitals are ring orbitals of π symmetry, π " and π # , and a third orbital (n) which is primarily the lone-pair of the nitrogen donor atom. The lowest energy charge-transfer transition is assigned to the π " -to-Cu(II) excitation. The chargetransfer transitions of imidazole and pyrazole derivatives are shown to be similar in energy. When the Cu(II) ion is planar or trigonal bipyramidal the charge-transfer transitions lie above "28 000 cm −" . In the case of the blue copper protein plastocyanin the weak band at 21 390 cm −" has been assigned as a histidine π " -to-Cu(II) charge-transfer transition [9] . However, the MCD intensity of charge-transfer transitions from the histidine ligand will be weak for two reasons. First, because there is only one set of transitions polarized along the N-Cu bond and orthogonally polarized transitions are required for intensity, and secondly, the MCD C-term intensity depends on the magnitude of spin-orbit coupling in the excited state. For a histidine-to-Cu(II) transition the hole will be on the nitrogen atom and hence it is the value of the spin-orbit coupling constant of nitrogen (80 cm −" for gaseous nitrogen) which governs the C-term intensity.
Bands I-IV consist of two pairs of oppositely signed C-terms with moderately high C ! \D ! ratios. Given the above analysis they can therefore be assigned as thiol-to-copper charge-transfer bands with the pair III and IV being transitions from the sulphur 3p(π π ) orbitals and bands I and II being the transitions from the sulphur 3p(π σ ). All four transitions will be polarized in the plane containing the atoms Cu, S(Cys-46) and S(Cys-167). The EPR and MCD spectra confirm that only minor changes occur at the Cu(II) site of HLADH when it switches from the ' open ' to the ' closed ' conformation. Comparison of the MCD spectra of the two forms, see Figures 3(C) and 6(A), shows that the overall shape of the spectrum remains unchanged. For example, bands V and VI, the d-d transitions, are virtually unaffected in energy. This is strong evidence that no change has taken place in the co-ordination geometry, or in the chemical nature of the ligands. Bands III and V have intensified in the MCD. This must be a result of changes in overlap between the thiolate ligands and the copper(II) hole-orbital. Therefore it seems likely that the copper(II) site undergoes the same geometric changes which occur at zinc in the native protein on switching from ' open ' to ' closed ' forms, confirming that the conformational change is a function of coenzyme binding independent of the metal present at the catalytic site.
Assignment of the Cu(II)-HLADH/NADH and Cu(II)-HLADH/NADH/DMSO spectra
There is strong evidence that for the zinc enzyme the oxygen of the DMSO approaches within bonding distance, displacing water from the substrate-binding cavity [18, 19] . Data for the copper-substituted enzyme show that DMSO is present, although at a greater distance [27] . As with the EPR spectra, the absorption and MCD spectra of the Cu(II)-HLADH\NADH and Cu(II)-HLADH\NADH\DMSO complexes are indistinguishable. Together these results suggest one of two possibilities, either that the DMSO has displaced water as the oxygen ligand to copper and that the co-ordination environment of the copper is unaffected by this change, or that DMSO is not a ligand under these conditions and the fourth ligand remains as water. Without additional data, such as electron nuclear double resonance spectra, it is not possible to know which of the two possibilities is the case for the copper-substituted enzyme.
Assignment of the Cu(II)-HLADH/pyrazole and Cu(II)-HLADH/pyrazole/NAD + spectra
Pyrazole is an inhibitor of HLADH, binding to both the ' open ' and the ' closed ' forms. The addition of pyrazole to Cu(II)-HLADH induces major changes in both the EPR and the optical spectra. The pyrazole ring displaces water from the first coordination sphere of the zinc enzyme and co-ordinates to the metal ion. The pyrazole ring is oriented by residues of the substrate-binding pocket and slips into a slot formed by the sidechains of Ser-48 and Phe-93. This constrains the plane of the pyrazole ring to lie perpendicular to that of His-67 [21] .
The remarkable changes in the EPR and the optical spectra are unlikely to arise from substantial changes at the cysteine or histidine ligands. However, since pyrazole and histidine are ligands of similar donor power the ligand field at the Cu(II) ion will approximate to a flattened tetrahedron and the hole-orbital is expected to rotate into the XhYh plane ( Figure 8B ). This will have two consequences. First, the average crystal field at the copper(II) ion will increase. The d-d bands V and VI can still be identified in the MCD spectrum ( Figure 6C ), but are at higher energies compared with those of the aquo complexes, ' open ' or ' closed ' (Figures 3C or 6A) . Secondly, the hole reorientation will lead to significant changes in the overlap between the thiolate lone-pair and the Cu(II) d hole-orbitals. In particular the thiolate sulphur 3p(π π ) overlap will be poor. A decrease in the orbital overlap will also cause a decrease in covalency and lead to an increase in copper nuclear hyperfine coupling. A model for this is provided by the Cu(II) complex recently described by Schugar and co-workers with N # S # ligation [13] . The macrocyclic ligand consists of two cis aliphatic thiolate groups and two secondary amines, forming a severely flattened tetrahedral co-ordination with a dihedral angle S(1)-Cu-S(2)\N(1)-Cu-N(2) of 33m. The resulting g-values are g R l 2.113 and g U l 2.018 and A R (Cu) l 17.6 mT. The conclusion is drawn that bisthiolate ligation does not necessarily result in the high covalency seen in Type-I blue copper proteins nor necessarily reduce the A R copper hyperfine values.
Surprisingly the MCD intensity in the charge-transfer region 30 000-17 000 cm −" is considerably weaker than for all the other complexes and most remarkably in the region of the most intense absorption peak at 20 000 cm −" the MCD intensity is very low. One explanation for this is that the peak which dominates the absorption spectrum is due to a pyrazole(N)-to-Cu(II) chargetransfer transition. For the reasons given earlier this transition will have weak MCD intensity. Furthermore the transition will not mix heavily with the charge-transfer transitions arising from sulphur since the pyrazole(N)-copper direction is almost orthogonal to the sulphur-copper plane.
On addition of NAD + the EPR, optical and MCD spectra switch back to a form resembling that of Cu(II)-HLADH. In the zinc form of the enzyme one pyrazole nitrogen binds to the zinc ion and the other forms a covalent bond to the nicotinamide ring of NAD + , breaking the aromaticity of the pyrazole ring. The interaction with the metal ion has activated the pyrazole ring towards attack by nicotinamide. Assuming that this NAD + \ pyrazole interaction also occurs when copper occupies the zinc site, the pyrazole(π)-to-copper charge-transfer has been lost. The ligand field strength of the pyrazole ring will also be reduced so that the hole orientation would be expected to revert to that which it has in all the other complexes ( Figure 8A ). As a consequence the EPR copper hyperfine collapses and four thiolto-copper charge-transfer bands are seen. The d-d spectrum is less well defined. We suggest that bands IV and V overlap to give the single intense negative C-term in the MCD spectrum ( Figure  3D ) at 14 000 cm −" . These changes in the EPR and optical spectra on binding NAD + show that, despite the fact that the coenzyme does not directly ligate the metal, it nevertheless can have a dramatic influence on the bonding at the catalytic site.
In summary, in this work we have shown that MCD spectroscopy can be used to identify bisthiolate mononuclear copper sites within metalloproteins, clearly distinguishing between the previously observed monothiolate mononuclear and bisthiolate dinuclear centres. Additionally within this broad structural type there are variations in the observed MCD spectra which allow observation of changes in the ligation and geometry of the copper site.
